Submicrometer aerosol size number distributions have been measured in downtown Rome with 1 s time resolution. From these data, the particle deposition in the human respiratory system has been assessed for infants, children and adults under different exercise levels. The estimates are reported as size segregated percentages and as total particle numbers deposited. The greatest percentages of particles are deposited in the alveolar interstitial region. Deposited doses, expressed per unit body weight or per unit alveolar surface area, indicate that children and infants are more at risk than adults. Following vehicle exhausts, nucleation particle concentrations increase within a few seconds and decrease in the time scale of tens of seconds. In accordance with traffic cycles, such particles are very common during the day, and decrease at night, when accumulation mode particles are more prevalent. As a consequence, the exposure scenario, in proximity to traffic, may be represented by a sequence of short-term peak exposures. The appraisal of such brief exposures depends on the time resolution of measurements, being underestimated if aerosol measurements are performed with resolutions on the time scale of minutes. The health relevance of such exposure patterns needs to be investigated, and the relevant measurement averaging time should also be defined.
INTRODUCTION
Among the different pollutants present in urban air (Monod et al., 2001; Avino and Manigrasso, 2008) , an important role is played by the urban aerosol (Avino et al., 2000 (Avino et al., , 2002 (Avino et al., , 2003a Lepore et al., 2003; Avino and Manigrasso, 2006; Avino and Manigrasso, 2007; Movassaghi et al., 2008; . It can be classified in three modes: PM 10 , PM 2.5 and Ultrafine Particles (UFPs, particles with sizes less than about 100 nm). PM 10 and PM 2.5 are well-known and studied as well whereas the data on the UFPs are very few. These particles derive from combustion and gas-to-particle conversion processes. UFPs can be further divided into nucleation mode particles (< 30 nm), formed directly from the gas/vapor phase and Aitken mode particles (30 nm < dp < 100 nm) that have aged and grown somewhat. UFPs can grow into accumulation-mode, by coagulation and condensation of low volatility compounds.
Recently, several studies on aerosol particle number concentrations and size distribution have been published (Manigrasso et al., 2009; Fanizza et al., 2010; Avino et al., 2011; evidencing that particles in the ultrafine size range (< 100 nm) pose special problems to the lungs due to their high efficiency of deposition. Several epidemiological studies have shown associations among ambient ultrafine particles and human respiratory or cardiovascular diseases (Delfino et al., 1998; Donaldson et al., 2001; Peters et al., 2001; Von Klot et al., 2002; Brook et al., 2002; Avino and Brocco, 2004; Petraccia et al., 2005; Dominici et al., 2006; Simkhovich et al., 2008; Oliva et al., 2010) . High UFPs deposition efficiency in the pulmonary region was demonstrated in healthy subjects (Brown et al., 2002) and an increased deposition was observed in patients with asthma (Delfino et al., 1998; Von Klot et al., 2002) or chronic obstructive lung disease (Brown et al., 2002; Petraccia et al., 2005; Dominici et al., 2006) . The health relevance of short-time peak exposures is an issue of particular attention expecially in urban areas due to the fast-changing characteristics of urban aerosols (Zhang and Wexler, 2004 ). The importance of particle dimensions is emphasized by many recent studies (Michaels and Kleinman, 2000; Donaldson et al., 2001) focusing their attention on Ultra Fine Particles (UFPs < 0.1 µm). UFPs penetrate efficiently into the respiratory system and are capable of translocating from the airways into the blood circulation (Oberdörster, 2000) . Within this context, the aim of this study is the assessment of the exposure of human population to submicrometer aerosol in an urban environment. To such purpose, we have carried out aerosol measurements fulfilling two fundamental requisites: the first is size resolution, since the deposition of particles into the human respiratory system is strictly related to their dimensions, the second is time resolution, comparable with the time scale of variation of aerosols deriving from combustion exhausts.
MEASUREMENTS AND METHODS

Aerosol Measurements
A set of measurements was performed to study the size number distribution of submicrometer aerosol and its fast evolution peculiarities in urban area. These data have been used to estimate the particle deposition in the respiratory tract of different subjects exposed. Aerosol size number distributions were measured by means of a TSI Fast Mobility Particle Sizer (model 3091, FMPS, Shoreview, MN, USA). The instrument counts and classifies particles, according to their electrical mobility, in 32 size-channels, in the range from 5.6 to 560 nm, with 1s time resolution.
The aerosol measurements were carried out at the ISPESL's Pilot Station in downtown Rome (near S. Maggiore Cathedral). The site (41°53'46''N, 12°29'46''E) is located in an area characterized by high density of autovehicular traffic, in a narrow double lane street (street width, W, of about 8 m), with high buildings on the sides (average height, H, of about 25 m). Such street can be considered a street canyon, as the aspect ratio H/W is about 3:1.
Number of Deposited Particles
Particle regional deposition in human respiratory tract estimates have been carried out using 1 h aerosol concentration data, on a weekday, during the morning traffic peak hour. Estimates have been carried out with the deposition model of International Commission on Radiological Protection (ICRP, 1994) . All the methodology along with relative literature is deeply reported and described in two previous papers Manigrasso et al., 2013) . Briefly, the ICRP model was published 1994 in Human Respiratory Tract Model for Radiological Protection, ICRP publication 66. In this model the respiratory tract is divided into five parts, the anterior nasal passages ET1, all the other extrathoracic airways ET2, the trachea bronchi BB, the bronchioles bb and the alveolus (Al). In the model each part of the respiratory tract is represented by a filter and each breath is modeled by a tidal airflow. The filters are described by two parameters, their volume and their efficiency for removing particles. The deposition of aerosol particles is derived from the combined effect of settling, impaction and diffusion in the modelled airways. The effect of settling is calculated from the physical airway dimensions as is the effect of diffusion in the conducting and respiratory bronchioles and the alveoli, where the airflow is laminar. In the bronchial airways where the flow is more complex the calculated diffusion is corrected empirically for the increased particle deposition observed in hollow airway casts under realistic flow conditions. The effect of impaction is based on empirical observation in hollow casts of the human bronchi. On inhalation a successively smaller fraction of inhaled air passes through each filter and on exhalation the volume of air returning through each filter equals the volume that passed on inhalation. Particle number deposition data are reported as the total particles deposited in a 1 h exposure in each anatomical region of respiratory tract.
So, the ICRP morphometric model divides the respiratory system in five anatomical regions. Two regions constitutes the extrathoracic airways: one is the anterior nasal passages (ET1) and the other includes the posterior nasal passages, the naso-and oropharynx and the larynx (ET2). Three regions represent the thoracic airways: the bronchial (BB), the bronchiolar (bb) and the alveolar interstitial (AI) regions. The filtration efficiency (η) of each region is described by the equation
where a and p are parameters and R is a function of both volumetric flow rate and particle diameters. The particle diameters are the aerodynamic (inertial deposition and gravitational settling) and the thermodynamic (equivalent volume diameter, d ve , for Brownian deposition) diameters.
FMPS measurements furnish aerosol concentrations as function of electrical mobility diameters (d m ). Thus, conversion from d m to d ve has been performed with the equations (DeCarlo et al., 2005) 
where C(d) is the Cunningham slip correction factor, λ is the mean free path of gas molecules, that is about 0.065 µm for normal temperatures and pressures, χ is the dynamic shape factor. The following values of χ have been used on combustion generated soot aerosols (Slowik et al., 2004; Park et al., 2004; Manigrasso et al., 2013) 
RESULTS AND DISCUSSION
Ultrafine Particle Determination in Downtown Rome
The starting point of this study was to define what the relevant part of aerosol and its measure to be in Rome considering that in such urban area combustive sources represent the main contributors to submicrometric aerosol (Manigrasso et al., 2009; Fanizza et al., 2010; Avino et al., 2011) . The Fig. 1 shows the typical particle size Firstly, it can be seen how the fine mode (fraction < 2.5 µm) is described by a distribution below 1 µm. This suggests that it is appropriate to measure the PM 1 compared to PM 2.5 as a descriptor of the fine mode (PM 1 explains a significant and notable portion of PM 2.5 ). Basically the particles in excess of 500-600 nm have a negligible influence on the distribution if expressed on a numerical basis, while if we refer to the concentrations in mass, they have a considerable importance not only in the accumulation mode but also, and especially, in the coarse mode.
The number size distribution of the fine mode has a maximum aerodynamic diameters lower in summer. The explanation is searchable in the greatest contribution in the summer due to photochemical processes leading to the formation of particles from the gas phase. However, on mass basis, maximum aerodynamic diameter value in the coarse mode are at about 3 µm both in winter and in summer: the shape of the coarse mode is heavily influenced by dust mass transport from Sahara that occurred in both seasons . Fig. 2 shows another example of mean distribution of measurements with resolution time of 5 minutes, making a distinction between working days and weekends. In particular, looking at the Fig. 2(b) where the particle cumulative concentrations are reported, the particle concentration is less (about 25000 #/cm 3 ) during the week ends whereas during the work days they are about 35000 #/cm 3 following the trend related to the cycles of the traffic. In a previous paper (Avino et al., 2011) we described extensively the temporal evolution of particle number size distribution in downtown Rome using 1 Hz resolution FMPS data points. Briefly resuming, three intense modes in the 10-30 nm range, are present during rush traffic hours whereas a fourth mode at about 100 nm is preeminent when traffic levels were very low because of removal processes. Fig. 3 shows the information that can be derived from a measurement performed by a time resolution of 1 s. Data obtained using a FMPS, show the total particle number from 6 to 520 nm and the channels at 10 nm and 45 nm. For comparison the total particle numbers (6-523 nm) averaged over a period of 5 minutes, have also shown. It is evident that within few seconds an abrupt numerical concentration increase occurs, approximately an order of magnitude. The intensity of this episode is considerably reduced on the average of 5 minutes and most likely it would be unnoticed with a measure based on scanning technique. It is not possible to observe phenomena articulated by sampling the relevant signal with a frequency of one datapoint per minute or even lower (e.g., every 5 min). Fig. 4 shows and underlines such information. In fact, the blue curve describes a trend measured every second: it can be seen how Geometric Mean Diameter (GMD) collapses twice within few seconds. The two episodes have a duration of about 1.5-2 minutes: with measurements taken every 5 minutes, these episodes are virtually lost. It is also noted that a GMD reduction involves a contribution increase of the particles with lower diameters that are numerically the most relevant ones.
Particles undergo transformations that lead to the modifications of the size distribution curves, in particular the nucleation mode disappears or becomes a minor component. The implications of such time scale on the particle deposition into the human respiratory tract are fundamental and will be discussed in the next section. 
Regional Particle Deposition in the Respiratory System
The number of particles deposited in the five regions of the ICRP deposition model are reported in Fig. 5(a) , for 3 months old infants, 1 and 5 years children, adult males and females, performing light exercise.
Due to their higher ventilation rates (Table 1) , by far, more particles are deposited in the respiratory systems of adults, in comparison with infants and children (1 and 5 y). However, children have lower body weight (bw) and smaller lungs than adults, consequently, a given fixed dose of deposited particles may elicit increased toxicity in children than in adults. We can assume average body weights of 87 kg for 30-40 y males, 74.8 kg for 30-40 y females, 5.9 kg for 1-3 months infants, 9.2 kg for 6-12 months infants and 18.6 kg for 3-6 years children (US EPA, 2009). Then, if calculated for unit bw (Fig. 5(b) ), for the same PM concentration the total doses of particles deposited in the respiratory systems of infants and children are about twice as much as in adults.
Activity level is an important parameter for determining the dose of aerosol deposited in the respiratory tract. ICRP (1994) considers two exercise levels for adults: 1/3 (light exercise) of the maximum workload completed (W max ) and 2/3 (heavy exercise) of W max (Godfrey et al., 1971) . As a result of increasing workload from light to heavy, ventilation rate increases from 1.5 to 3.0 m 3 /h and from 1.25 to 2.7 m 3 /h, respectively in adult males and females. Consequently, total deposited particles increase of 85% and 98%, respectively in males and females (Fig. 5(c) ). The main contribution to such increments is due to the alveolar-interstitial region (Fig. 5(c) ).
Fig. 6 compares the % particle regional deposition as a function of particle sizes, in adult females performing light exercise (the curves for adult males are substantially similar) with infants 3 months old, sleeping or under light exercise condition. In all cases, the major share of % particle deposition occurs in the AI regions, although some differences are observed. AI % depositions are lower in infants than in adults, while the contribution due to the bronchiolar region is higher. For small particle size, the main contribution in infants comes from the bb region, with a cross-over point of the AI and bb curves that is higher in the sleeping (about 13 nm) than in the light exercise (about 9 nm) condition. The results of several studies in which rats were exposed to particles of different-sizes (15-20 nm, 80 nm, 0.5 µm, 3 µm, 10 µm) indicate that nanoparticles inhaled and deposited as singlets in the alveolar space are not as efficiently phagocytised by alveolar macrophages as occurs for larger particles (Oberdörster et al., 2005) . UFPs, rather interact with epithelial cells and translocate to the interstitium (Oberdörster, 2000) . From the pulmonary interstitial sites, particles can translocate to the blood circulation on a way dependent on their size (nanoparticles are favored), charge and surface coating (Oberdörster et al., 2005; Nemmar et al., 2002) . Once in blood circulation, particles can directly affect the cardiovascular system (Peters et al., 2001; Brook et al., 2002; Simkhovich et al., 2008) and can be distributed to other organs (Takenaka et al., 2001; Oberdörster et al., 2002) . For particles deposited in the AI region, their number per unit alveolar surface may represent a more suitable metric, than per unit body weight. Estimates of alveoli present at birth vary widely from 17 to 71 million, with a mean of about 55 million. This value in the adult lung varies from 200 to 600 million. At birth, the alveolar surface area is approximately 3 m 2 ; while in adults, the alveolar surface area is 75 m 2 (Clewell et al., 2002) . Considering such values of alveolar surface area, Fig. 7 compares particle depositions in the AI region for adult males and infants, under light exercise condition. Fig. 7 . Alveolar interstitial deposition: a) particle number (◊) and particle number per m 2 alveolar surface area () for 3 mold infants; b) particle number (∆) and particle number per m 2 alveolar surface area (▲) for adult males. It can be seen that, even if the number of deposited particles is greater in adults than in infants (from 6 to 16 times, depending on particle size), are infants that receive a greater dose per unit alveolar surface area (from 1.5 to 4 times). Moreover, this occurs in a critical period of lung development, that, on the ground of limited experimental and epidemiologic studies, has been addressed, as a window of high susceptibility for lung damage created by exposure to environmental toxicants (Gauderman et al., 2002; Finkelstein and Johnston, 2004; Soto-Martinez and Sly, 2010) . Such effects have been considered irreversible by some authors (Plopper and Fanucchi, 2000) .
In urban areas, a sequence of short term peak exposures to vehicle exhaust is a recurrent scenario for people spending long periods in streets or driving in the traffic. Epidemiological studies have addressed the adverse effects on health of short duration exposures to high particle concentrations (Delfino et al., 1998; Michaels and Kleinman, 2000; Peters et al., 2001; Brook et al., 2002) . Hence, the importance of time resolution of aerosol measurements, particularly in urban environment, due to the fast changing characteristic of traffic aerosol. How such feature reflects into the respiratory exposure pattern is shown in Fig. 8 reporting the particle deposition in the Alveolar Interstitial (AI) region for an adult male under light exercise, estimated with 1 s and 5 min time resolution aerosol concentration data. Cumulative particle deposition at the end of 1 h exposure is almost the same with the two datasets. However, short-time peak exposures are clearly underestimated with 5 min time resolution data. Thus the need arise to assess the health relevance of such exposure pattern, whether there is any difference in receiving the same aerosol daily dose, with or without peak exposures.
